Freshwater ecosystems are characterized by a high spatial complexity. This heterogeneity affects the distribution of aquatic organisms in riverine landscapes. Morphological variation in natural populations is driven by evolutionary forces. In crustaceans, morphological variations have been observed between different basins, environments, or developmental sequences along their geographical distribution. In this study, we assessed the possible effects of spatial scale on the phenotype of Aegla plana Buckup and Rossi, 1977 using geometric morphometrics. We examined 110 adult specimens from three river basins in southern Brazil. We used 13 morphological landmarks for the dorsal view of the carapace; the coordinates were superimposed using a generalized Procrustean analysis. We used a multivariate analysis to test the morphological variation in crabs from different basins, and we employed the Mantel test to assess the relationship of spatial and environmental factors with the principal components matrix for the carapace shape. Populations from different river basins differed significantly in carapace centroid size. Carapace shapes also differed significantly among the river-basin populations, and the interaction between sex and populations was also significant. The environmental and geographical matrices were correlated with the carapace shape matrix. This morphological variation shows an association with the geographical distribution of microbasins, which suggests a biogeographical effect on the distribution of A. plana.
INTRODUCTION
Morphological variation in natural populations is driven by evolutionary forces such as natural selection, and gene mutations such as chromosomal rearrangements, additions and deletions of base pairs that could lead to new variants better adapted to the environment where they live (White, 1978; Patton and Sherwood, 1983; Rieseberg, 2001) . Ecological variables such as pH, salinity, and temperature may exert different selective pressures on natural populations, and with a certain degree of reproductive isolation can lead to geographical variation within a species (Trevisan and Masunari, 2010) . In crustaceans, morphological variations have been observed between different basins, environments, or developmental sequences along their geographical distributions (Hoffmeyer and Torres, 2001) .
Several recent studies have demonstrated intraspecific morphological variation in freshwater crustaceans. Anastasiadou and Leonardos (2008) found significant phenotypic exoskeleton differences among four different habitats in Greece, and Anastasiadou et al. (2009) (Milne Edwards, 1837) , such as sexual dimorphism and site collections.
observed signif-icant morphological variation in Palaemonetes antennarius
In most of these studies, the changes were detected using linear measurements. Currently it is possible to use new techniques for morphometric analysis. The traditional analysis based on distances among measured groups, has given rise to geometric morphometric methods (Rohlf and Marcus, 1993 ). In these new techniques, landmarks or contours are used. These landmarks are points at which biological structures are measured, and identify the morphological differences between the same morphological structures in different populations of the study. These new methods capture forms using Cartesian coordinates of point counterparts. This method is very robust, generating a set of variables that can be used to test statistical hypotheses and to analyze the covariation of forms and other variables as an integral part of the biological organism (Adams et al., 2004) .
Aeglidae Dana, 1852 exhibits a relatively conserved morphology, based on discrete taxonomic characters where the species are described (Bond- , is a good model for studies of geometric morphometry. This group includes about 70 recent described species (Santos et al., 2009) , all belonging to the genus Aegla Leach, 1820, and two fossil species, Protaegla minuscula Feldmann et al., 1998 (∼150 Mya) and Haumuriaegla glaessneri Feldmann, 1984 (∼75 Mya) . Few biometric data addressing variations of the family are available in the literature. The main contributions are studies on morphological sexual maturity (Colpo et al., 2005; Viau et al., 2006) , geometric morphometrics (Giri and Collins, 2004; Collins et al., 2008; Barría et al., 2011) , and biometric variations between populations (Vaz-Ferreira et al., 1945; Trevisan and Masunari, 2010) .
We evaluated a model to assess the possible effects of spatial scale on aquatic organism phenotype. Aegla plana Buckup and Rossi, 1977 is distributed along rivers and streams in mountainous regions in southern Brazil, where intense geological activity established the current configuration of these rivers. At present, no information is available on the biology and/or ecology of this species. We studied the spatial distribution of the response matrix of A. plana using morphometric variables obtained from the carapace shape of the crabs. We assumed that the morphological variation of Aegla responds to geographical and environmental patterns. Within a river basin, animal populations can become isolated, and relative body growth (and consequent change in shape) is associated with food availability, predation and other factors regarding the dynamics of these populations. Thus, we would expect to find significant variations among different catchments, where the animals might be subject to geographical isolation and different selective pressures. Fig. 1 ). The mean altitude is 1200 m, the annual mean temperature is 14.4°C, and the annual mean precipitation 1468 mm. Streams were second-order, selected in three basins: the Marcos River, the Lajeadinho River, and the Divisa River, with natural vegetation along their banks, and a lack of human activities. In each of the 12 streams studied, we obtained Surber samples (area = 0.09 m 2 ; mesh = 250 μm) and also used a pitfall-trap bottle in the stone substrate of riffle zones. The water of all the streams was well oxygenated (>7 mg L −1 ), with low electrical conductivity (>26 μS cm −1 ) and slightly alkaline pH (7-7.6) ( Table 1) .
Geometric Morphometrics
Each individual was photographed from the dorsal view of the exoskeleton, with a Canon EOS 350D digital camera with macro function and 8 megapixels (3456 × 2304) of resolution, using 150 mm focal distance from each carapace. We used 13 morphological landmarks for the dorsal view of the carapace: 1) tip of the rostrum, 2-3) tip of the antero-lateral spine, 4-5) tip of the epibranchial tooth, 6-7) superior inflection of the cervical groove, 8-9) base of the cervical groove, 10-11) posterior end of the longitudinal dorsal line, and 12-13) distal end of the right and left branchial area (Fig. 2a) . The anatomical landmarks were digitized by the same person (L.U.H.) for each specimen, using TPSDig software, version 1.4 . Coordinates were superimposed using a generalized Procrustes analysis (GPA) algorithm (Dryden and Mardia, 1998) . GPA removes differences unrelated to shape such as scale, position, and orientation (Rohlf and Slice, 1990 ; Rohlf and Marcus, 1993; Bookstein, 1996a, b; Adams et al., 2004) . We symmetrized both sides of the landmarks in the carapace dorsal view, and only the symmetrical part of the variation was analyzed (Kent and Mardia, 2001; Evin et al., 2008) . The size of each carapace was estimated using its centroid size, the square root of the sum of the squares of the distance of each landmark from the centroid (mean of all coordinates) of the configuration (Bookstein, 1991) .
Statistical Analysis For centroid size differences between sexes we used Student's t-test, among river basins and for multiple comparisons we used analysis of variance (ANOVA) and Tukey's test. Principal components analysis (PCA) was carried out using the variance-covariance matrix of generalized leastsquares superimposition residuals. The PCs of the covariance matrix of residuals from superimposition were used as new shape variables, to reduce the dimensionality of the data set, as well as to work on independent variables. Carapace shape differences between sexes and among river basins (Divisa, Lajeadinho, and Marcos) were tested through multivariate analysis of variance (MANOVA), and for multiple comparisons we used the Bonferroni correction. In a preliminary analysis, we found that the variables sex and population showed a significant interaction in the shape variation, hence for the comparisons among river basins we analyzed females and males separately. Differences in shape among populations from different river basins were explored by linear discriminant analysis (LDA), calculated on principal components (PCs) to compute correct classification percentages for each population (Baylac and Friess, 2005; Cordeiro-Estrela et al., 2006) . Differences in the shape of the carapaces inferred from the statistical analyses were visualized through multivariate regression of shape variables on discriminant axes. We used the Mantel test to assess the dependence of the spatial (geographical coordinates) and environmental (see Table 1 ) factors with the Mahalanobis distance matrix of the carapace shape. As a complementary analysis, we use a Redundancy Analysis (RDA) to assess which variables were environmental influences on carapace shape. We use the first two discriminant axes obtained by Linear Discriminant Analysis as matrix Y, and the environment variables (temperature, pH, dissolved oxygen, conductivity, canopy, flow and stones size) as matrix X.
For all statistical analyses and to generate the graphs, we employed the "R" language and environment for statistical computing version 2.12.0 for Windows (R Development Core Team, 2009) , and the following libraries: MASS (Venables and Ripley, 2002) , stats (R Development Core Team, 2009), vegan (Oksanen et al., 2010) , and ade4 (Dray and Dufour, 2007) . Geometric morphometric procedures were carried out with the Rmorph package: a geometric and multivariate morphometrics library for R .
RESULTS
Males and females did not differ significantly in exoskeleton centroid size (P > 0.05). For carapace shape, we found a significant difference between males and females (λ Wilks = 0.374, F = 5.08, P = 1.086 × 10 −8 ). The percentage of correct classification was 77.5% for females and 81.96% for males. Females had a proportionally larger carapace base than males (Fig. 2) .
Populations from different river basins differed significantly in carapace centroid size (F = 9.164, P = 0.0002). For multiple comparisons, the population from the Lajeadinho showed a larger carapace than the other two populations (P < 0.05). For the carapace shape, the MANOVA results were significant among river-basin populations (λ Wilks = 0.172, F = 4.291, P = 8.93 × 10 −13 ) as well as for the interaction between sex and populations (λ Wilks = 0.292, F = 2.585, P = 3.16 × 10 −6 ). The differences in shape among river basins for females were significant (λ Wilks = 0.227, F = 9.22, P = 4.094 × 10 −10 ), as were the pairwise comparisons among populations ( Table 2 ). The percentage of correct classification for females among populations was 80.0% for the Divisa, 96.6% for the Lajeadinho, and 64.2% for the Marcos. The LDA plot showed a partial overlap for scores on the first two axes for females (Fig. 3a) . On the first axis, we found shape differences in the rostrum and the base of carapace (landmarks 1, 10, 11, 12, and 13 - Fig. 3b and d) . For the second discriminant axis, the variation in carapace shape was more related to a proportional decrease in the width of the exoskeleton ( Fig. 3c and d) .
For males, the MANOVA results showed significant differences (λ Wilks = 0.324, F = 6.67, P = 8.5×10
−9 ), as did the pairwise comparisons among populations ( Table 2 ). The percentage of correct classification for males among populations was 66.6% for Divisa, 92.7% for Lajeadinho, and 72.7% for Marcos. In the graph of the discriminant analysis for males among the three river basins, the populations from Divisa are more distinct from the other two populations (Fig. 3e) . On the first axis, the populations from the Divisa had negative scores, and the shape of carapace showed a pro- Table 2 . Pairwise MANOVA for females and males using the carapace shape of Aegla plana among three river basins (Divisa, Lajeadinho, and Marcos microbasins). *P < 0.05; **P < 0.01; after Bonferroni correction. Fig. 3 . Carapace shape differences of Aegla plana, in dorsal view, among three river basins. A, plot of discriminant analysis with the first two axes for females; B, shape differences on the first axis; C, shape differences on the second axis; D, indication of landmarks in Aegla plana; E, plot of discriminant analysis with the first two axes for males; F, shape differences on the first axis; G, shape differences on the second axis; H, indication of landmarks in Aegla plana. Observation: in the figures for shape differences, the solid lines depict shape on the positive side of the discriminant axis, and the dotted lines on the negative one.
portionately longer rostrum than the other two populations for males (landmarks 1 - Fig. 3f and h) . The second discriminant axis showed a small variation in shape (Fig. 3g) . For females of A. plana, the same result was found. The environmental and geographical matrices were correlated with the carapace shape matrix (r = 0.19, P = 0.017 and r = 0.18, P = 0.001, respectively). For males, the Mantel test indicated that the environmental and geographical matrices were correlated with the carapace shape matrix (r = 0.15, P = 0.041 and r = 0.21, P = 0.002, respectively). The environment variables were similar in the three basins (Table 1) . However, the main environmental differences observed in streams were the stone size and canopy. The Lajeadinho River presented tree species coverage on stream bed which resulted in allochthonous input of organic matter. The stones size on stream bed in Lajeadinho River was lower than the others. The RDA showed a significant effect of stone size on A. plana carapace shape. However, this effect was more pronounced in females than in males (Fig. 4) .
DISCUSSION
In this study, we found several patterns of variation in the dorsal carapace shape of A. plana. Among them, we observed sexual dimorphism and a spatial effect on morphological carapace features among the river basins, even though we were using a small geographic scale.
With respect to sexual dimorphism, the differences in width of the posterior region of the carapace in females of A. plana followed the patterns observed in other studies with crustaceans. Hartnoll (1974 Hartnoll ( , 1978 suggested that the pleon width can be considered a secondary sexual character in true crabs, because of its importance in reproduction. In the ontogeny of female Aegla, more precisely in the transition to the adult stage, the acquisition of a protuberant enlarged pleon is related to the lodging and transport of the eggs during their incubation. This adultation pattern has been also recorded in other decapod crustaceans (Santos et al., 1995; Pinheiro and Fransozo, 1998; Mariappan et al., 2000; Tsuchida and Fujikura, 2000; Baptista-Metri et al., 2005; Pinheiro and Hattori, 2006) . In Aeglidae, this pattern was described in studies on morphological modifications associated with sexual maturity (Colpo et al., 2005; Viau et al., 2006) .
With respect to carapace shape, Collins et al. (2008) showed that the largest variation in the dorsal surface of Aegla uruguayana Schmitt, 1942 was associated with morphological landmarks on the posterior region of the carapace. Giri and Collins (2004) suggested that females of Aegla platensis Schmitt, 1942 and A. uruguayana have the posterior region of the carapace wider than in males, whereas males have the central and anterior regions of the carapace larger than in females. Barría et al. (2011) , in an intraspecific analysis of Aegla araucaniensis Jara, 1980 , found variation only between the sexes; moreover, at the interspecific level, a significant morphological differentiation was observed among three species of Aegla from Chile. However, our data showed significant differences in carapace shape at the intraspecific level among different river basins for A. plana. Morphometric variation has been used to compare geographically isolated crustacean populations (De Grave and Diaz, 2001; Kapiris and Thessalou-Legaki, 2001; Tzeng, 2004) . The largest difference found in the dorsal exoskeleton shape of the population of A. plana from the Lajeadinho River basin can be related to the greater isolation (geographical distance) of this basin in relation to the others (Fig. 1) . Our results agree with those of Trevisan and Masunari (2010) , who in a study with Aegla schmitti Hobbs III, 1979 using linear measurements, found significant differ-ences among six populations that occur on different slopes of a group of mountains in the Serra do Mar (state of Paraná, Brazil). The authors suggested that these differences were strongly associated with geographical isolation of the headwaters; even when the same mountains did not constitute a barrier to the dispersal and colonization of the species in this region.
An important factor to explain the morphological variation in A. plana is related environment variables, especially vegetation canopy and stone size. Generally, the environment variables are associated with the growth of Aegla and therefore likely to cause changes in the way. The river continuum concept proposed by Vannote et al. (1980) argues about the importance of riparian vegetation as the main source of primary production in small order streams. Recently, Bucker et al. (2008) found that eleven environment variables that could influence the density of Aegla itacolomiensis Bond- Buckup and Buckup, 1994 and A. platensis only those related to availability of organic matter showed a significant relationship. According to Tzeng (2004) , allometric growth can be influenced by genetic and environment factors. The variation among populations of A. plana may be affected by differences among environments and the trophic state of the ecosystems studied. Some studies have found that the accumulated organic matter in the riverbed is a key factor controlling the distribution of organisms on small streams (Zilli et al., 2008) . Furthermore, the coarse particulate organic matter in the river accumulated increases the heterogeneity of the substrate, which results in an increase in richness and organism abundance. This heterogeneity can lead to adaptive radiation, and our results are an indicative that could be the beginning of a speciation event. The variation found in the basin Lajeadinho supports this hypothesis.
The A. plana from the Lajeadinho basin (greater canopy and smaller stones) had a proportionally shorter rostrum that organisms collected in the Marcos and Divisa basins (lower canopy and larger stones). The rostrum is primarily for protection (Buckup and Rossi, 1977) . Locations with larger stones can be larger predators such as large fish. The rostrum is a proportionately larger defense strategy, making the animal "bigger." On the other hand, facilitates the rostrum proportionally smaller the animal hide where there are smaller stones. The contribution of leaves in the river bed favors camouflage for animals with shorter rostrum.
Our results for intraspecific morphometric variation suggest that geographical isolation exists among the three populations of A. plana. The morphological variation and geographic structured populations might imply a break or reduction in gene flow, which could be the first step for a process of raciation/speciation (Irwin et al., 2001 (Irwin et al., , 2005 . First, if it was a phenotypic polymorphism within species, we have not found significant morphological differences among populations. Second, small, partially isolated, and peripheral populations can play an important role in speciation, even in the presence of gene flow (Petren et al., 2005) , and we suppose this occurs in A. plana. Alternatively, this scenario of different morphological populations may be stabilized by a combination of local adaptation (different selection pressures in different habitats in a small scale) and gene flow in partially connecting and not phenotypic homogeneous populations. Barría et al. (2011) suggests that morphological variation is an adaptive response to great extent of resource used in different axes of ecological niche for Aegla neuquensis Schmitt, 1942 in the absence of competitive species as suggested by Giri and Loy (2008) for allopatric populations of Aegla riolimayana Schmitt, 1942 . However, using molecular markers Bartholomei- Santos et al. (2011) suggest a complex of cryptic species in Aegla longirostri Buckup and Buckup, 1994 , with four different populations. Thus, molecular data provide evidence that speciation or diversification is common in the genus Aegla. Our study used almost half the sample size and morphological landmarks used by Barría et al. (2011) ; nevertheless, in addition to the sexual dimorphism, we were able to demonstrate intraspecific variation on a small spatial scale. Our study can be useful in understanding aspects of the biology of the group and suggests that the sexual dimorphism found in A. plana is a result of the reproductive biology of the species. Otherwise, the morphological variations in carapace shape of these crabs respond to the spatial and environmental heterogeneity that exists in the basins examined in this study. This morphological variation is associated with the geographical distributions of the basins, suggesting the existence of a biogeographic effect on the distribution of A. plana. Moreover, these observations open new prospects for future studies on the evolution of segregated freshwater crustaceans subject to different environmental pressures.
